T HYROID FOLLICULAR CELLS are arranged in the thyroid gland to form follicles, round-shaped structures that represent the functional unit of the gland. A basal lamina surrounds the follicles, and thyroid follicular cells, like any other epithelial cell, are attached to the extracellular matrix (ECM) proteins that constitute the basal lamina. Fibronectin (FN) together with collagen and laminin represents one of these ECM proteins (1, 2) . We previously demonstrated that FN together with other soluble factors (TSH, epidermal growth factor, insulin, and IGF) controls essential biological functions in the thyroid cell, including proliferation and survival (3) (4) (5) . Control of cell proliferation and survival exerted by ECM is of fundamental relevance for tissue homeostasis and is important to neoplastic cells that must proliferate and survive in ectopic environments or denied adhesion, while metastasizing through the bloodstream (6) . Cell adhesion to ECM is mainly mediated by integrins, a large family of cell surface receptors widely expressed in all tissues. Integrins are heterodimeric receptors located at basal cell membrane whose expression pattern is tissue type dependent (7) (8) (9) . Membrane distribution of some integrins is restricted to subcellular structures known as focal adhesions, which contain structural and signaling molecules including actin, focal adhesion kinase (Fak), Srk, protein kinase C, and paxillin. Integrin activation can generate multiple signals that regulate cell behavior through the modulation of ion concentration (Ca 2ϩ , Na ϩ , H ϩ ) or lipid metabolism. Although integrins do not display direct kinase activity, their activation by binding to ECM proteins generates signals that include kinase cascades. In a thyroid cell line obtained by immortalizing human fetal thyroid cells (TAD-2), integrin clustering by binding to FN generates two signaling pathways: Fak/Ras/Raf-1/MAPK kinase (Mek)/Erk that mediates FN-induced proliferation, and the phosphatidylinositol-3 kinase (PI-3K) pathway involved in cell survival (10) .
We recently demonstrated in the same cell type that integrin binding to FN also generates a third pathway that is calcium/calcium calmodulin-dependent kinase II (Ca 2ϩ / CaMKII). The latter modulates the Ras/Raf-1/Mek/Erk pathway by binding to Raf-1 and regulating its activity (11) . Although TAD-2 cells and normal thyroid cells in primary cultures display common integrin profile and FN-induced behavior (4, 12) , a direct demonstration of the existence of such integrin-generated signal in normal thyroid cells in primary cultures is lacking. Moreover, because the pattern expression of adhesion molecules changes after cell transformation, it is important to determine which integrin receptor generates the signals that mediate FN-induced proliferation.
Thus, we investigated the signal pathways generated by FN-dependent integrin activation in normal human thyroid cells in primary culture. We provide evidence that FN binding to the integrin ␣v␤3 activates the Ras/Raf-1/Mek/Erk and the Ca 2ϩ /CaMKII pathways and that both are necessary to promote FN-induced proliferation.
Materials and Methods

Cell cultures
Tissue specimens were obtained at surgery from contralateral lobes of thyroid papillary carcinomas or internodular tissue of nodular goiters of subjects undergoing thyroidectomy. Informed consent for cell culture preparation was obtained from patients undergoing thyroidectomy.
Cell cultures were prepared as previously described (4) . Briefly, tissues were chopped by scalpels in small pieces and digested by type IV collagenase (Sigma Chemical Co., St. Louis, MO) 1.25 mg/ml in Ham's F-12 medium (F-12) and 0.5% BSA overnight at 4 C under rotation. Cells were pelleted by centrifugation at 150 ϫ g for 5 min, washed twice in BSA-F-12, seeded in petri dishes, and cultured in 5% CO 2 atmosphere at 37 C in F-12 supplemented with 10% fetal calf serum (FCS). Medium was changed every 3-4 d, and the cells were harvested by treatment with 0.5 mm EDTA in calcium-and magnesium-free PBS containing 0.05% trypsin. The follicular origin of the cultures was confirmed by flow cytofluorometry searching for cytokeratin and thyroglobulin as previously described (12) . More then 98% of the cells in culture were positive for cytokeratin and thyroglobulin. For each experiment, single individual cultures were used and results pooled for statistical analysis.
The TAD-2 cell line, obtained by Simian virus 40 infection of human fetal thyroid cells was generously donated by Dr. T. F. Davies (Mount Sinai, New York, NY) (13) . Thyroid papillary carcinoma cell lines NPA and TPC-1 were kindly donated by M. Nagao (Tokyo, Japan) (14) . All cell lines were cultured in F-12 supplemented with 10% FCS.
Coated plates were prepared as follows: the plates were filled with PBS, 1% heat-denatured BSA (Sigma, St. Louis, MO), or 100 g/ml human FN (Collaborative Research, Bedford, MA). After overnight incubation at 4 C, the plates were washed with PBS three times and used.
Antibodies and flow cytometric analysis
For intracellular immunofluorescence (cytokeratin and thyroglobulin), cells were fixed in 3.5% paraformaldehyde, 0.2% Tween 20 in PBS, washed twice in PBS, and resuspended in 0.5% BSA and PBS (BSA/PBS); immunostaining was then performed using fluorescein-conjugated anticytokeratin antibodies (Ortho, Raritan, NJ) or rabbit antihuman thyroglobulin serum followed by sheep antirabbit IgG as a fluoresceinconjugated secondary antibody. Serum from nonimmunized rabbits or nonspecific fluoresceinated immunoglobulins of the same isotype was used as controls. Cells were then analyzed by flow cytometry using a FACScan apparatus (Becton Dickinson, Mountain View, CA). Monoclonal antibody of mouse origin against ␤1-subunit (clone A1A5) was kindly donated by Dr. M. E. Hemler (Dana Farber Cancer Institute, Boston, MA) and anti-␣3 (J143) by Dr. L. J. Old (Ludwig Institute for Cancer Research, New York, NY). Monoclonal antibody to ␣5 was purchased from Telios (San Diego, CA); anti-␣v␤3 and anti-␣v␤5 were purchased from Chemicon (Temecula, CA); fluorescein-conjugated antimouse and antirabbit IgG and horseradish peroxidase-conjugated antirabbit IgG were purchased from Ortho. Flow cytometric analysis was performed as follows: cells harvested from subconfluent cell cultures by PBS containing 0.05% trypsin were incubated with the primary monoclonal antibody for 1 h at 4 C in BSA/PBS, washed in the same buffer, and incubated again with the secondary fluorescein-conjugated antibody for 30 min at 4 C. Cells were resuspended in BSA/PBS and analyzed by flow cytometry. Nonspecific immunoglobulins of the same isotype were used as controls. The expression of each integrin was represented as: relative fluorescence index (RFI) ϭ experimental mean fluorescence/control mean fluorescence.
Western blot and immunoprecipitation
For Western blot analysis, the cells were lysed in Laemmli buffer [0.125 mol/liter Tris (pH 6.8), 5% glycerol, 2% sodium dodecyl sulfate (SDS), 1% ␤-mercaptoethanol, and 0.006% bromphenol blue], and proteins were resolved by 7-10% SDS-PAGE and transferred to a nitrocellulose membrane (Immobilon P; Millipore Corp., Bedford, MA). Membranes were blocked by 5% nonfat dry milk, 1% ovalbumin, 5% FCS, and 7.5% glycine in PBS, washed, and incubated for 1 h at 4 C with primary antibodies and then washed again and incubated for 1 h with a horseradish peroxidase-conjugated secondary antibody. Finally, protein bands were detected by an enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ 
p21Ras activity assay
Ras activity was assayed by affinity precipitation using a Ras activation assay kit (Upstate Biotechnology, Lake Placid, NY). Briefly, 4 ϫ 10 6 cells were lysed with Mg 2ϩ lysis buffer [0.125 mol/liter HEPES (pH 7.5), 0.75 mol/liter NaCl, 5% Igepal CA630, 0.05 mol/liter MgCl 2 , 0.005 mol/liter EDTA, and 10% glycerol] and incubated with 5 l of a 50% slurry of Raf-1 Ras binding domain peptide for 30 min at 4 C. The beads were then boiled in reducing sample buffer, and adsorbed proteins were resolved by electrophoresis, transferred to nitrocellulose, and probed with a monoclonal anti-Ras (1 g/ml) (Mg 2ϩ lysis buffer, Raf-1 Ras binding domain peptide, and anti-Ras were included in a Ras activation assay kit; Upstate Biotechnology, Lake Placid, NY). Proteins were visualized using a horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence.
Calcium measurement
A total of 3 ϫ 
Results
Expression of FN receptors of the integrin family in thyroid cells in culture
Follicular cells from normal glands obtained by collagenase digestion were cultured for a maximum of 7 d in vitro. The expression of the FN receptors of the integrin family was evaluated by flow cytometry with monoclonal antibodies specific for ␤1-, ␣3, and ␣5-chains and for ␣v␤3 and ␣v␤5 heterodimers. Figure 1 reports the average expression of integrin subunits and heterodimers measured in four different cultures at 75% confluence. Analysis was performed on 4-to 5-d-old cultures after two passages. As previously demonstrated for ␣3␤1 (16), the level of ␣v␤3 expression also changed during the culture under the regulatory effect of cell-to-cell contact. The expression of these integrins was higher at 75% confluence than at full confluence. For this reason all experiments were performed on cells after two passages from 4-to 5-d-old cultures at 75% confluence. The ␤1-and ␣3-chains that associate to constitute the ␣3␤1 etherodimer were strongly expressed as previously demonstrated in normal thyroid cells in culture as well as in tissue sections (4). The ␣v␤3 receptor was expressed as previously reported in the thyroid cell line TAD-2 (12), whereas ␣5 and ␣v␤5 were not expressed. Thus, normal thyroid cells in primary culture express only two integrin receptors for FN: ␣3␤1 and ␣v␤3.
FN activates the Ras/Erk pathway and stimulates cell proliferation
Thyroid cells were starved from serum for 24 h, harvested, and plated onto FN-or BSA-coated plates. Active p21Ras and phosphorylated Erk were determined in cell extracts (Fig. 2,  A and B) . Strong p21Ras activation was achieved 15 min after plating the cells onto immobilized FN. Whereas comparable p21Ras activation was observed at 15 and 30 min, induction of Erk phosphorylation was slower and 30 min stimulation was required to induce a powerful phosphorylation. Also cell proliferation was influenced by FN. Cell number was calculated after 24 and 48 h culture onto FN-coated plates in the absence of serum (Fig. 2C) . Whereas in the absence of FN and serum cell adhesion was denied, FN alone was sufficient to allow cell adhesion and spreading. FN induced a 60% increase of cell number after 48 h, whereas the in the presence of the Mek inhibitor PD98052, cell proliferation was completely abrogated. The number of cells plated onto BSAcoated plates was not calculated because cell adhesion was very weak in the absence of serum or FN and most of the cells were detached by 48 h culture.
Inhibition of FN-integrin binding impairs p21 Ras activation
To determine which integrin/s generate/s the Ras/Erk pathway, p21Ras activity was determined in cells plated onto FN in the presence of binding-inhibiting antibodies (Fig. 3 ). An anti-␣v␤3 binding-inhibiting antibody strongly inhibited p21Ras activation induced by FN, whereas anti-␣3 was ineffective. Inhibition of p21Ras activation by anti-␣v␤3 anti- bodies was not complete. Although this could be explained by incomplete inhibition of FN-␣v␤3 binding, participation of other factors (other adhesion molecules or FN contaminants) in the p21Ras activation is possible. These data suggest that the integrin ␣v␤3 participates in the activation of the Ras/Erk signal pathway in normal human thyroid cells.
Activation of the integrin ␣v␤3 induces increase of intracellular calcium concentration
To test whether integrin activation by FN also generates a calcium signal, intracellular free calcium concentration ([Ca 2ϩ ]i) was measured by fluorometric analysis in cells in suspension in response to soluble FN binding (Fig. 4) 
Integrin binding to FN induces CaMKII activation
To determine whether the FN-induced [Ca 2ϩ ]i increase could activate CaMK enzymatic activity, we evaluated the phosphorylation level of CaMKII (Fig. 5) . CaMKII autophosphorylation at T286 residue indicates CaMKII activation. Serum-starved cells were plated onto FN or BSA, and CaMKII T286-phosphorylation was evaluated by Western blot. In the absence of FN no signal was visible by antiphosphothreonine CaMKII antibody at any time. After 15 min of FN stimulation, a sharp band that increased by 30 min stimulation was visible, thus demonstrating that cell binding to FN induces CaMKII activation in thyroid cells.
Inhibition of the Ca 2ϩ /CaMKII pathway inhibits FN-induced Erk phosphorylation
We previously demonstrated that in an immortalized thyroid cell line, Erk phosphorylation induced by FN requires both Ras/Raf-1/Mek and Ca 2ϩ /CaMKII signals. To investigate whether this is a general mechanism or it is restricted to that specific cell type, we tested the effects of Ca 2ϩ / CaMKII pathway inhibitors on the phosphorylation of Erk after FN binding. To perform this analysis, we used the CaM inhibitors (W7 and TFP), the nonisoform specific CaMK in- (Fig. 6 ). Erk-1/2 phosphorylation induced by FN was higher than that induced by 10% FCS. KN93, W7, and TFP displayed a dose-dependent inhibitory effect on Erk-1/2 phosphorylation. Ant-CaNtide abolished FN-induced Erk-1/2 phosphorylation at a 5 m concentration. These data demonstrate that Erk phosphorylation is dependent on CaMKII activation. Thus, the requirement of Ca 2ϩ /CaMKII signals in the FN-induced Erk activation is not a feature restricted to a cell line but is a general mechanism in thyroid cells.
FN induces Raf-1/CaMKII association
To determine whether the interaction of Ras/Raf-1/Mek and Ca 2ϩ /CaMKII signals occurs at the Raf-1 level, we tested whether CaMKII formed with Raf-1 a multiprotein complex. CaMKII was immunoprecipitated in extracts from cells plated onto BSA or FN. Immunoprecipitated CaMKII and coprecipitated Raf-1 were detected by Western blot by specific antibodies (Fig. 7) . Coimmunoprecipitated Raf-1 was visible only in cells stimulated with FN. The CaMK inhibitor KN93 and the CaMKII inhibitor ant-CaNtide completely inhibited the FN-induced Raf-1/CaMKII association. This experiment suggests that FN induces Raf-1 and CaMKII to form a protein complex that depends on CaMKII activation.
BRaf/Raf-1 heterodimerization induced by FN
BRaf overexpression obtained by transfection in human embryonic kidney cells suggested that Ras induces the Raf-1/Braf heterodimerization through the exposure of 14 -3-3 binding sites in the COOH terminus of Raf-1 (17) . Thus, BRaf heterodimerized with Raf-1 may cooperate with Raf-1 in cellular response to FN. BRaf appears largely expressed in thyroid cells analyzed by Western blot (Fig. 8A) . To determine whether BRaf heterodimerized with Raf-1 in the CaMKII/Raf-1 complex induced by FN, the cells were plated onto FN, and CaMKII was immunoprecipitated. Coprecipitated Raf-1 and BRaf were detected by Western blot by specific antibodies (Fig. 8B) . Whereas Raf-1 was evident in FNinduced CaMKII coprecipitate, a band for BRaf was barely visible. These results do not support a significant role for BRaf in the signal generated by FN-integrin binding in thyroid cells. dium on immobilized FN or untreated wells for 24 h (Fig. 9) . In the absence of FN, cells were weakly attached to the plates, round shaped, and spreading was limited by 24 h. In FNcoated wells, the cells were well adherent and flat shaped. The presence of inhibitors did not change the attachment, shape, or spreading. The FN stimulation induced 66% increase of [ 3 H]thymidine incorporation. Both KN93 and antCaNtide completely abolished such stimulation, demonstrating that FN-induced DNA synthesis requires CaMKII activity.
Inhibition of CaMKII blocks FN-induced thymidine incorporation
Thyroid cancer cells display aberrant integrin expression and signaling
The surface expression of integrin receptors for FN was determined in a cell line originated from normal thyroid (TAD-2), and cell lines originated from papillary carcinomas (NPA and TPC-1). Although thyroid cancer cells have a broad pattern of integrin expression (18) , within FN receptors only quantitative changes of ␣3␤1 and ␣v␤3 were found, and de novo expression of ␣v␤5 was not observed (Fig. 10A) . Because integrin expression is regulated by several factors, data in cultured cells must be confirmed by tissue analysis. Immunohistochemistry with anti-␣v␤3 antibodies confirmed altered expression of this integrin in papillary carcinomas (Fig. 10B) . As for cell lines, the level of ␣v␤3 expression was demonstrated to be variable. To evaluate the signal response to FN, the cells were plated onto immobilized FN with or without CaMK inhibitor, and the level of Erk-1/2 phosphorylation was evaluated by Western blot (Fig. 9B) . Erk-1/2 phosphorylation was induced in TAD-2 cells and inhibited by KN93 as previously demonstrated (11) . In unstimulated papillary carcinoma cell lines, Erk-1/2 was phosphorylated and FN stimulation did not produce any change. CaMKII inhibition by KN93 decreased Erk-1/2 phosphorylation in TPC-1 cells, whereas it was ineffective in NPA cells. The explanation for the insensitivity to CaMK inhibition in NPA cells lies in the presence of BRaf Val599 oncogene (19) that is independent from CaMKII activation (our unpublished data).
Discussion
We recently demonstrated that integrin activation in the TAD-2 cell line generates three distinct signals: Fak/Ras/ Mek/Erk, Ca 2ϩ /CaMKII, and PI-3K signal (10, 11) . In the same studies, we also provided evidence that the Ca 2ϩ / CaMKII signal is necessary to Raf-1 activation by Ras in the Fak/Ras/Mek/Erk pathway. Although TAD-2 cells represent a reliable human thyroid cell model to study integrins and thyroid ECM interaction, it was generated from fetal thyroid cells by Simian virus 40 infection. Thus, a direct demonstration of the signals generated by integrin activation by FN and their role in the control of proliferation in primary thyroid cells in cultures was not yet provided.
Within integrins, the two FN receptors, ␣5␤1 and ␣v␤3, are recognized to be important for generating signals that drive proliferation, survival, and spreading (20 -23) . Previous studies demonstrated that thyroid cells do not express ␣5␤1 or ␣v␤5, whereas they express ␣v␤3 and minimal ␣v␤1 in certain conditioned medium (24, 25) . Within the FN receptors expressed in thyroid cells, ␣3␤1 is likely to play only a structural role because its signaling capacity is not yet established, whereas ␣v␤3 has a recognized signaling function (8, 26 -28) . The complexity and tissue specificity of signaling generated in response to integrin engagement is made possible by the complexity of interactions between multiple factors that take place in the focal adhesion. In response to ␣5␤1 and ␣vb3 engagement, the Ras/MAPK signal pathway is activated through the adapter molecules Shc and Grb2/Sos involving FAK, paxillin, or c-Srk in fibroblasts and epithelial and endothelial cells (29 -31) . Thyroid cells cultured in vitro in medium also containing hypothalamus and pituitary extracts express ␣v␤3 integrin in a latent state characterized by its inability to cluster at focal adhesions and promote cell adhesion. However, ␣v␤3 recruitment at focal adhesions and ligand-binding activity occurred on treatment with hepatocyte growth factor/scatter factor (25) . In the normal thyroid cell line TAD-2, ␣v␤3 membrane expression is restricted to focal adhesions, whereas in the present study, in normal thyroid cells cultured in the absence of growth factors, ␣v␤3 stained by immunofluorescence displayed a fine grainy pattern of distribution (not shown). This membrane localization not restricted to focal adhesions suggests the possibility that the effect measured in our system might be of a higher magnitude in a more physiological environment in the presence of those endocrine and paracrine factors abundant in vivo. All together these data indicate that culture conditions and growth factors are relevant modulators of expression and function of integrins in thyroid cells and that normal thyroid cells potentially express active ␣v␤3 integrin.
Cell proliferation is regulated by converging signals on the cell cycle machinery that determine whether the cell stays in the G 1 phase or proceeds to S phase. The progression through G 1 into the DNA synthesizing S phase is driven by cyclindependent kinase (CDK)4 and CDK6, which interact with the cyclin D family of proteins, and CDK2, which interacts with cyclins A/E (32). The Ras/Raf/Mek/Erk cascade plays a pivotal role in the control of this process. Sustained Erk activation is required to pass the G 1 restriction point and regulate cyclin D1 expression during mid-G1 phase (33) . Inhibition of FN-stimulated proliferation by Mek inhibitor demonstrates the role of Erk in this process in thyroid cells. In normal cells, it is unlikely that integrin might sustain prolonged proliferation in the absence of other growth factors. This topic may not be investigated in primary cultures of thyroid cells because they have a very limited growth potential. Our results demonstrate the involvement of ␣v␤3 and the Ras/Erk signal in FN-stimulated proliferation in culture, whereas in vivo the entire pathway or part of it must be abrogated or counteracted. Integrins are constantly engaged by the ECM of the basal lamina surrounding the thyroid follicles. Thus, whereas the PI-3K signal might be continuous and relevant in survival, the Ras/Erk signal must be downmodulated to avoid aberrant stimulation of proliferation. Thyroid-stimulating hormone that has been proposed to inhibit Ras signaling to Raf/MAPK might represent one of these factors (34, 35) .
Although this and other factors might be responsible of such a regulation, the complexity of signals generated by integrins makes possible their self-modulation. Within signals generated by integrins, PI-3K/Cdc42/Pak represents a costimulatory signal that modulates the Ras/Erk pathway. In COS-7 cells, PI-3K inhibition induces severe attenuation of integrin-dependent Erk activation (36) . Integrin-FN binding activates the serine/threonine kinase Pak through PI-3K and Cdc42. Pak then phosphorylates Raf-1 on Ser338, ensuing Erk activation by Ras (36, 37) . Whereas Ser338-Raf-1 phosphorylation is necessary for Raf-1 to be fully activated by Ras (38, 39) , integrins are not the sole activators of Pak-1, and in any system Pak-1 is not always necessary for Raf-1 activation, possibly because it is substituted by other factors. Indeed, Pak-1 inhibition in Rat-1 fibroblasts abrogates Ras-induced transformation, whereas it is ineffective in NIH-3T3 fibroblasts in which other factors must coactivate Raf-1 (40, 41) . Also in TAD-2 cells, FN binding induces a modest level of Pak-1 phosphorylation whose role was not investigated (11) . In TAD-2 cells and primary thyroid cultures, besides the Ras/Erk signal, integrin engagement activates the Ca 2ϩ / CaMKII signal. CaMKII and Ras are both necessary to activate Raf-1, and inhibition of CaMKII abrogates Erk phosphorylation and proliferation induced by FN. Thus, integrins can self-modulate their own proliferation signal through the PI-3K/Pak-1 and Ca 2ϩ /CaMKII signals. Coimmunoprecipitation experiments demonstrate that CaMKII and Raf-1 participate in a common multiprotein complex. The question whether Raf-1 is a direct CaMKII substrate was not addressed in this study. However, this is a possibility worthy of consideration because Raf-1 is a substrate for many kinases and presents a number of consensus sequences for CaMKII.
The malignant behavior of cancer cells is determined by not simply uncontrolled growth but also the ability to migrate, proliferate, and survive in denied adhesion or ectopic body districts. Tumor cells metastasized into ectopic sites or moving in the vascular or lymphatic system loose adhesion to the basal lamina mediated by integrins. The adhesion receptors expressed on the surface of invading cells play a fundamental role in this process. Changes in the level of surface expression of integrins or de novo expression or activation state occur in a number of neoplastic lesions including thyroid cancer (18, (42) (43) (44) (45) (46) . The two thyroid cancer cell lines we examined in this study displayed aberrant integrin expression, and Erk resulted in a phosphorylated state also in denied adhesion. Independently whether Erk activation resulted from activated integrins, oncogenes, or other activating pathways, aberrant integrin expression and activation might still play a relevant role as a costimulatory factor. In TPC-1 cells the Ca 2ϩ /CaMKII signal is still necessary to Erk phosphorylation. In this cell line harboring RET/PTC-1, this oncogene might be responsible of sustained Erk phosphorylation, and CaMKII can be activated by integrins or other effectors including RET/PTC-1 oncogene. Conversely, tumor cells harboring oncogenes that do not lie on the tyrosine kinase/Raf-1 pathway elude the Raf-1/CaMKII checkpoint. The mutation at site T1796 is sufficient to generate a BRaf mutant constitutively activated (47) . One relevant difference between Raf-1 and BRaf is the presence of the S445 in BRaf. This serine is equivalent to S338 of Raf-1 and is constitutively phosphorylated (39) . Also for this reason, Ras alone is sufficient to activate BRaf and Val599E mutation activates BRaf with no need for other factors. A number of biological consequences with clinical relevance arise from the Raf-1/ CaMKII interaction. Future studies must determine the factors responsible for CaMKII activation in tumors. Besides altered integrins and known physiological factors, mutated Ras, Trk, and RET/PTC have the potentiality to autonomously activate the Ca 2ϩ /CaMKII signal. A different ability to activate CaMKII might be responsible for the different aggressive behavior observed within RET/PTC mutants and different oncogenes.
